Abstract. The flux of charge exchange (CX) neutrals measured by Neutral Particle Analyzers (NPA) is the line integral along the view line of the NPA and contains information about the ion energy distribution of the observed plasma. On the Tokamakà Configuration Variable (TCV) a single chord NPA is used to scan the plasma cross section by vertically displacing a reproducible discharge across its fixed line of sight. The ion temperature inferred from the passive CX flux as a function of the distance of the NPA chord to the magnetic axis is used to obtain an ion temperature profile T i (ρ). To model the neutral source, simulations of neutral particle penetration from the edge and the neutralization processes are reported. In plasmas with thermalized ion populations, the NPA hydrogen or deuterium temperature profiles agree with the carbon ion temperature profile measured by Charge eXchange Recombination Spectroscopy (CXRS). Matching the simulation with synchronous NPA measurements of two plasma species provides absolute profiles of neutral particles densities and the isotopic composition of the plasma, which are required for the transport analysis. With further modeling, the ion temperature profile may be iteratively reconstructed from the CX spectrum without displacing the plasma.
Introduction
Knowledge of the ion temperature profile is essential in the determination of the plasma particle energy content and distribution. The gradient of this profile and the ratio of electron and ion temperature T i /T e enter the physics describing the plasma particle transport. To approximate the ion velocity distribution function, supra-thermal "temperatures" are used to characterize non-maxwellian ion populations in auxiliary heated plasma discharges (neutral beam and cyclotron resonance heating scenarios).
Neutral Particle Analyzers (NPA's) provide a simple experimental method of estimating the ion temperature (hydrogen, deuterium, helium) and these devices are employed on many fusion devices to measure the energy spectrum of the ions that have encountered a charge exchange interaction with neutral particles. The newly formed neutrals are no longer magnetically confined and escape from the plasma retaining information about the temperature of the plasma ions where they were neutralized as long as the plasma is optically thin to these particles. An NPA measurement is thus a line integral of the charge exchange sources along the chord of the diagnostics. The radial profile of the impurity ion temperature on the Tokamakà Configuration variable (TCV) is also measured by Doppler broadening spectroscopy of impurity radiation lines (Charge eXchange Recombination Spectroscopy, CXRS) which is used later for comparison with the NPA results. In the TCV context, CXRS, when viable, is preferable for ion temperature measurements, but the NPA can measure over a wider range of plasma conditions and is considerably more sensitive to high energy ions than CXRS.
In this paper, we report on the reconstruction of the hydrogenic bulk ion temperature profile from a single chord NPA measurement (section 2) on TCV by displacing a reproducible plasma discharge across the (fixed) line of sight of the NPA (moving plasma experiment, section 3). The obtained ion temperature profile was validated using a neutral transport and neutral attenuation code by reproducing the measured charge exchange spectrum (sections 4). The choice of the free parameters in the simulation was verified by a comparison of the deduced hydrogen and deuterium ion temperature profiles with the carbon ion temperature profile measured from CXRS in a stationary TCV discharge with thermalized ion populations (section 5). Further, the radial origin of the charge exchange neutrals is investigated by relating the neutral flux energy to the radial position of the plasma which is then used to recover the temperature profile from the modeled charge exchange spectrum (section 6). Finally, section 7 presents an iterative procedure to recover the parameters of a parabolic ion temperature profile compatible with the measured charge exchange spectrum. The initial guess of T i (ρ) is arbitrary and the plasma no longer need be displaced across the NPA's line of sight. 
Experimental setup and technique
The TCV Tokamak at the Centre de Recherches en Physique des Plasmas (CRPP) in Lausanne is a mid-sized machine with a plasma current I p 1 MA and a toroidal field B T 1.54 T. The major radius is R = 0.875 m, while the width and height of the vessel are 0.55 m and 1.55 m respectively, with a near rectangular cross section.
Neutral Particle Analyzers on TCV
TCV is equipped with two Neutral Particle Analyzers:
• A 5 channel NPA, manufactured by Ioffe Physico-Technical Institute, St. Petersburg, Soviet Union in 1975 [1] , with a nitrogen gas stripping cell and an electrostatic deflector that measures the energy spectrum of neutral particles escaping the plasma along a vertical line of sight (see poloidal cross section in figure 1 ), passing through the center of the main plasma chamber. The deflection voltage may be swept (typical period of ∼13 ms) to extend and scan the spectrum (in the range of 0.6 -6.5 keV) and provide cross channel calibration. The temporal resolution can reach 2 kHz with sufficiently high data rates.
• The limited upper neutral energy range of the NPA was one of the main motivations for the procuring of an analyzer capable of observing hot suprathermal ions. The Compact Neutral Particle Analyzer (CNPA), manufactured by Ioffe Institute [2] , was installed on TCV in 2004. Neutral particles are ionized by a thin carbon foil, which features a higher stripping efficiency for fast particles than the nitrogen gas used in the vertical NPA. An electrostatic acceleration grid and a deflection with both electric and magnetic fields (E B) provides energy and mass dispersion. Two arrays of channel electron multipliers permit the simultaneous measurement of two plasma species (with 11 and 17 energy channels respectively) over a wide range of energies, fixed by the permanent magnets and detector position (and may thus not be dynamically scanned). The maximum acquisition frequency is 2 kHz, as for the vertical NPA. Two possible configurations are available with the corresponding energy ranges shown in table 1. The CNPA is installed at the midplane of the TCV, observing the plasma along a horizontal line of sight perpendicular to the magnetic axis (figure 1). The line of sight also intersects the Diagnostic Neutral Beam (DNB) which may be used for active charge exchange measurements.
A more exhaustive description of the setup and capabilities of the NPA's on TCV may be found in [3] .
Inference of ion temperature from NPA measurements
The flux of charge exchange neutrals entering the NPA contains information about the ion velocity of the initial charge exchange reaction if the escaping neutral does not suffer a further collision (optically thin). The charge exchange spectrum
σ CX E , calculated from the measured neutral flux Γ N P A CX , is commonly shown on a semilogarithmic plot against the particle energy E, as in figure 2 (σ CX is the charge exchange cross section). From the slope of this plot an effective NPA ion temperature is classically obtained using [4] 
(E) depends on the energy interval over which the slope is measured that, in ohmic heated plasma discharges on TCV, may lead to differences in the NPA ion temperature as high as ∼70 % between the slope obtained for low ( 2·T i (0)) and high ( 8·T i (0)) neutral energies. In steady state TCV discharges, without additional heating or diagnostic beam injection, the plasma particle energy distribution functions are essentially maxwellian, with the ion temperature increasing towards the magnetic axis. For such distributions, neutral particles of a particular energy will originate from all plasma radii. Evidently, as the slope of figure 2 is not entirely linear, the inferred effective temperature will depend on the particle energy considered; furthermore, the inferred ion temperature increases with particle energy, suggesting that the more energetic neutrals are coming from the hotter plasma regions. This is demonstrated in figure 2 , where contributions to the charge exchange flux from different shells of the plasma column are plotted (from calculation presented in section 4). At intermediate energies (∼ 6 keV), the slope of the whole CX spectrum is a good approximation of the contribution from the plasma core. Therefore, for a locally maxwellian plasma, inferring the temperature from the higher energy channels will result in an overestimation of the "true" ion temperature, whereas the ion temperature inferred from the lower energy channels will give a value corresponding to somewhere outside the plasma center. As a compromise between available neutral count rate and finding the asymptotic value of the slope, the core ion temperature T i (0) is conventionally approximated by applying equation 1 at energies corresponding to 5−7 times T i (0) [5] . 
Moving plasma experiment
By displacing the plasma vertically within the TCV chamber, the CNPA was scanned through the plasma, first reported in [6] .
The displacement of the magnetic axis was performed for a fixed plasma configuration with stationary plasma parameters (elongation κ = 1.5, triangularity δ = 0.6) from z = 25 cm towards the midplane of the vessel during the discharge, figure 3 shows the poloidal cross section of TCV together with the reconstruction of the magnetic topology by the LIUQE code [7] . The minimum of the magnetic flux coordinate intercepted by the view line of the CNPA decreases linearly from ρ = 0.8 at t = 0.3 s to ρ = 0.2 at t = 1.5 s.
To ensure reproducible target plasmas, the vertical NPA monitored the core plasma temperature taking advantage of the relative insensitivity of this instrument to a vertical displacement. The ion temperature from the vertical NPA is shown together with the central electron temperature measured by the Thomson Scattering system in figure 4 .a. The temperatures T e (ρ = 0) and T i (ρ ≈ 0) are fairly constant from t = 0.4 s onwards. Figure 4 .b shows the thermal deuterium gas feed (toroidally φ = 45°from the CNPA, 112°from the vertical NPA), injected at the top and the bottom of TCV to maintain a constant electron density. The measured electron density (line integrated FIR measurement, used as feedback for the gas control) is also shown. (a) T e and T i in the plasma core. The influence of the difference in instrument to plasma distance (defined by the Last Closed Flux Surface, LCFS) for the two NPA's (which is less than 1 m for the CNPA but more than 4 m for the NPA) was investigated by horizontally displacing a small plasma configuration by several centimeters along the CNPA line of sight. No change in the measured flux was observed which implies that there is no significant particle absorption in the volume between the plasma edge and the CNPA. The orientation of the view line is, however, found to be important since neutrals emitted in the plasma core must traverse a longer distance within the plasma and scrape-off layer before entering the vertical NPA (plasma configuration elongations of up to κ = 3 are possible on TCV) and are thus more strongly attenuated than the neutral flux reaching the CNPA.
The CX fluxes measured by the CNPA increase linearly in time for all energies for t > 0.4 s, see figure 5 .a, whereas the fluxes at the energies of interest, detected by the vertical NPA, are unchanged, figure 5.b.
In section 5 it will be shown that the absolute value of the charge exchange spectrum changes with the neutral density at the plasma edge, but not its slope (and thus the inferred temperature). The CX spectrum, derived from the measured fluxes of figure  5 .a for the 7 lowest energy deuterium channels 12-18, is shown in figure 6 at four different times (the straight lines show the fitted slope for the determination of the temperature). As the temperature of the hottest part of the plasma covered by the solid angle of the NPA is not a priori known, we use a time independent (but CX flux intensity dependent) statistical argument to determine the ion energy range from which the ion temperature is calculated. This criterion is roughly equivalent to the conventional procedure of inferring the central ion temperature T i (0) from the CX flux at energies E = 5..7 ·T i (0). The higher the analyzed energy range, the hotter the inferred temperature, which is thus expected to correspond to a region closer to the plasma center. (In general TCV has always shown ion temperature profiles that monotonically increase to the plasma center). In ohmic discharges, if an important number of ions with energy 6 keV would be neutralized in the plasma, most of them must then be re-ionized on their way towards the CNPA since the higher energy channels exhibit essentially noise which is not statistically significant (large Poisson error). This was confirmed by a repetition of the discharge with the NPA accelerator and deflector high voltage power supplies switched off (to measure the noise background).
The ion temperature was calculated for a range of counting statistics Υ = counts ∆t . The CX flux measured by the three uppermost energy channels, whose counting rates exceeded this limit, were used to fit a straight line to the CX spectrum. The temperature fit uses bidimensional weights taken from the vertical and horizontal error estimations of the CX spectrum. The vertical error bar in the calculation uses the Poisson statistics of the channel counts together with the uncertainties in the charge exchange cross section for each channel energy.
It should be noted that the particle energy range detected by a CNPA channel may be as large as 70 % of its central value (CNPA for E C H = 500 eV) and the maximum of the incident particle distribution does not normally occur at the channel's central value E C , since the CX-flux strongly decreases with energy (see figure 2 ). The horizonal uncertainty in the CX spectrum was chosen to correspond to the shift of the weighted particle energy with respect to the channel center energy to reflect the channel's energy acceptance range. The correction depends on the individual channel characteristics and the local ion temperature; the method is described in detail in [3] .
For a counting limit of Υ = 25 counts per 50 ms, the obtained ion temperature trace is plotted in figure 7 .a. The value of the obtained temperature is within the range of 5..6 times the particle energy of the CX flux where it has been calculated from, for the entire discharge. Figure 7 .b. shows the ion temperature profile obtained from plotting T i against the minimum of ρ intercepted by the CNPA. The solid line in the figure shows a weighted interpolation of the passive CNPA measurement (points) setting a zero first derivative at the plasma center. The steps in the ion temperature of figure  6 correspond to changes in the subset of channels chosen in the calculation of the temperature. The final choice of the statistical limit, i.e. which limit will give the best estimation of the temperature profile, was addressed by modeling the measured charge exchange flux spectrum based on the interpolation of the recovered ion temperature profile with the method described in section 4.
Modeling of the measured charge exchange flux

Neutral particle plasma penetration
The neutrals escaping from the plasma are the core ions which, once neutralized, are no longer confined by the magnetic field. Neutralization occurs in collisions with neutrals located in the plasma, in the following termed "target neutrals". Two sources of neutral targets were considered: Propagation of neutral particles from the plasma edge into the plasma column and radiative recombination of plasma bulk ions.
Two codes have been used to model the target neutral distribution and temporal evolution in the frame of this work:
• An implementation of KN1D, a kinetic transport algorithm for atomic and molecular hydrogen in an ionizing plasma [8] , programmed in IDL. The applicability of this slab-like 1-D space, 2-D velocity code, used on many plasma devices for calculations in the scrape off layer and the plasma edge, has been extended to the plasma core [9] . As the plasma is assumed to be optically thick for cold edge neutrals, their penetration to a certain position within the plasma core is calculated along the shortest distance from the LCFS, which depends on the poloidal shape of the nested magnetic flux surfaces. If these assumptions are valid, a one-dimensional code like KN1D provides a reasonable neutral density distribution along the diagnostic chord of the NPA.
• The 2-D Monte-Carlo code DOUBLE-TCV (results obtained with a previous version of DOUBLE without Monte Carlo techniques are reported in [10] ), enhanced by the Ioffe Institute for the geometry of TCV, is able to simulate the neutral profiles of a multi component plasma (two hydrogen species, helium and one impurity) and is coded in Fortran 90. In its current implementation, the code assumes homogenous gas density surrounding the plasma cross-section. DOUBLE-TCV does not include recombination as a source of neutrals in the plasma (recombination becomes important in the plasma core for high density plasmas, and its contribution for the discharges discussed in this paper may be neglected). Although KN1D does not permit calculations for multiple isotopes, it can simulate hydrogen or deuterium separately. Both codes calculate, for thermal and stationary plasmas, the neutral atomic profiles for hydrogen and deuterium (KN1D calculates the molecular ion and neutral profiles too) using experimental profiles of electron density n e (ρ), ion T i (ρ) and electron temperature T e (ρ) mapped to the NPA chord coordinate s. Edge neutrals are specified as molecular neutral pressures p(r=a) (KN1D) or neutral atomic densities n 0 (r=a) (DOUBLE-TCV ) respectively at the wall. These last parameters are not measured but, since their values are linear in the resulting neutral profiles, they may initially be chosen arbitrarily (see further discussion in section 6.1). DOUBLE-TCV also requires the ratio of the hydrogen isotopes (a priori not known), a profile of the effective charge Z ef f (chosen to be constant) and the edge particle energy distribution.
The electron temperature is taken from Thomson Scattering or Electron Cyclotron Emission (ECE) radiation diagnostics. The electron density is measured by the Far Infrared interferometer and/or Thomson scattering measurement. The ion temperature profile may be taken either from
• previously observed model profiles in similar discharges,
• the reconstructed ion temperature profile in the moving plasma experiment (discharge #28690, section 3), inferred from the CNPA and shown in figure 7 (for results, see section 4.4) or
• the carbon impurity ion temperature profile derived from CXRS measurements, since in ohmic discharges with stationary ion temperature, the ion distribution functions are isotropic and the various ion species thermalize and may be described by a common T i (e.g. discharge #29769 discussed in section 5).
Code input profiles for discharge #28690 are shown in figure 8 . The corresponding neutral profiles, for the low field side of the plasma (the sector housing the CNPA), from the two codes, are shown in figure 9 . The neutral density is strongly peaked at the plasma edge and may drop by several orders of magnitude at the center. Higher electron densities result in higher optical densities and a correspondingly lower central neutral density.
Both codes were executed with the same edge neutral density (though, unlike DOUBLE-TCV, our setup of KN1D was not constrained to obtain equal edge density on the low and high field sides of the plasma). The neutral energy at the LCFS input to DOUBLE-TCV was adjusted to correspond to the value of the neutral temperature profile at the LCFS obtained with KN1D. Excellent agreement between the neutral profiles with DOUBLE-TCV is found ( figure 9 .a) when KN1D is run with a large number of iterations (to avoid the neutral density to be truncated in the plasma center).
The input ratio of ion densities of the hydrogenic species for DOUBLE-TCV influences the ratio between central and edge neutral density, see discussion in section 4.3. In the following we use the KN1D code for purely practical reasons (its output profiles don't require smoothing and the neutral edge pressure can be different at the high and low field sides of the plasma).
Characteristics of the CX neutral flux from the plasma
The calculated atomic neutral density profiles are now used to calculate the total CX birth rate S (ρ, E), determined by the charge exchange reactions (cross section σ CX , the contribution of recombination is negligible) of atomic ions (n
where the distributions of the ions f On their journey towards the CNPA, some neutrals are ionized by electron (cross section σ ei ) or ion (σ ii ) impact or a further charge exchange collision (σ CX ). Ion impact ionization and charge exchange resulting from collisions of particles with the same particle species, another isotope or with impurity atoms (carbon, from which the tiles of TCV are made) are considered. All these processes are summarized by a collective attenuation coefficient †The ratio of hydrogen to deuterium concentration is 1 % for discharge #28690 shown in figures 3 to 12. The hydrogen ions undergo mainly a charge-exchange with target deuterium. In horizontal direction the error bars are given by the channel center energy shift due to the finite channel energy window [3] .
with n e and v e the electron density and velocity, m j the considered ion mass and E the particle energy. Profiles of the attenuation for deuterium at some energies are shown in figure 10 .a, showing that the neutral attenuation strongly decreases with particle energy (increased mean free path). The escaping neutrals may be characterized by the neutral emissivity profile
where the integration is carried out along the view line of the NPA, from their birthplace ρ to the NPA entrance ρ a .
Absolute neutral particle flux and density profiles
A fraction of the charge exchange particle flux leaving the plasma enters the CNPA entrance and is measured. For a channeltron collecting particles of energy E j , energy window dE j , detection efficiency µ j and throughput (AΩ) this may be written
The absolute atomic neutral, molecular ion and neutral profiles (output of the codes) and edge pressures (inputs) are obtained by matching the modeled CX flux Γ sim CX (E) of equation 5 to the measurement of the CNPA, Γ
CN P A CX
(E). The plots of figure 9 show the modeled neutral density profiles, with absolute scales, required to reproduce the NPA measurements adjusting the molecular edge particle densities proportionately. This approach is applied to obtain the hydrogenic isotope ratio: DOUBLE-TCV was evaluated for a range of plasma isotope ratios until the modeled emission agreed with the measurements of the CNPA spectrum for both species. Measured and modeled charge exchange spectra are shown in figure 10 .b, where the modeled spectrum was derived from the neutral density profile from KN1D. The measurements of the horizontal CNPA (hydrogen and deuterium) are plotted together with those from the vertical NPA, which does not distinguish between the isotopes. The CX spectrum of the vertical NPA is shown increased by two orders of magnitude to facilitate comprehension. The good agreement between measured and simulated CX spectrum is further improved by using weighted channel energies (see the discussion at the end of section 3).
Modeling of the moving plasma experiment
Using the method described above, the CX flux in the moving plasma experiment was modeled for the various ion temperature profiles calculated for different ion energy ranges defined by levels of count rates ranging from Υ = 5 to 50 counts per 50 ms (section 3). The temperature points were fitted (figure 7.b) in rho (normalized radius) space by imposing a zero first derivative at the center. The simulated CX spectrum was then compared to the measured spectrum and characterized with an error function X 2 defined by
summed to the m = 8 th CNPA channel.
The fit of the temperature profiles inferred of the CNPA CX spectrum and the corresponding relative error between simulated and measured charge exchange flux, defined by with i the CNPA channels, are shown in figure 11 . Only channels with count rates higher than the chosen Υ are shown. The X 2 defined in equation 6 is shown in figure 12 . The best match between experiment and simulation is achieved with a reconstructed temperature profile inferred from ion energies below that at which the CNPA CX count rate descends to Υ = 25 counts per 50 ms. The simulated and measured charge exchange spectrum for this statistical level is shown in figure 10 .b. The agreement is surprisingly good with a relative error δΓ CX 10 percent for the 8 lowermost deuterium energy channels over the complete CNPA! 
Validation against the CXRS temperature profile
So far we have shown that the ion temperature profile inferred from the CNPA CX spectrum agrees with our model. We now compare the hydrogenic ion temperature profiles to a simulation obtained with profiles of the carbon ion temperature obtained from Charge eXchange Recombination Spectroscopy. For the moving plasma experiment presented in section 3 the Diagnostic Neutral Beam was not operational and CXRS measurements are not available. The comparison was thus made with a stationary, ohmically heated discharge (shot #29769) at z 0 where high-quality CXRS measurement and a strong passive CX flux were measured. The constancy of the plasma parameters permitted a reduction of the Poisson statistical error by integrating the CNPA signals over several tens of milliseconds, obtaining error bars below ∼10 %, even for higher particle energies. Figure 13 .a shows the error bars for this discharge for both hydrogenic species after integrating the CX flux over the time interval t = [1.01; 1.03] s. T
CXRS i
was measured at t ≈ 0.95 s, close to the time interval selected for averaging the CNPA signals in order to keep the temperature measurements comparable, but sufficiently delayed from neutral injection to allow the injected hydrogen beam particles decelerate to thermal velocities. The low count rates of hydrogen neutrals are due to the low hydrogen concentration in this deuterium discharge. The profiles used in the neutralization codes are shown in figure 13 .b. For the ion temperature the experimental profile from CXRS was used. The relative error δΓ CX (equation 7) between simulated and measured Γ CX is shown in figure 14 (a) charge exchange spectra. . The quality of the agreement between simulation and experiment vindicates the model presented in section 4 and implies that the deuterium and carbon ion temperatures are essentially the same, which is to be expected since the ion thermalization time is ∼0.5 ms for these plasma conditions (incidentally also vindicating the use of the CXRS profile from carbon as the hydrogenic ion temperature in the simulation). To demonstrate the CX flux linearity and solution sensitivity to neutral wall parameter changes (section 4.3), figure 14.b illustrates code simulations with the same conditions but p D 0 2 (r=a) increased (+) and decreased ( * ) by 30 % respectively. For the analysis of time intervals far from a CXRS measurement, a small scaling factor, close to 1, and constant over the radial profile, accounts for the heating or cooling of the plasma and improves the agreement over the considered time interval. Ion temperature changes lead to a positive (negative) slope in the relative error δΓ CX when the temperature is increased (decreased). Figure 14 .b also demonstrates the effect of a small ±5% change of T i in the simulations of the fit ( , ). 
Place of origin of the CX neutrals
From the moving plasma experiment (section 3), the ion temperature was inferred from the CNPA CX spectrum at the energy of particles supposed to originate from the hottest region of the plasma. This section explains how the birth place of the neutrals detected by the NPA's are recovered from the model of the neutral source of the neutrals (section 4).
Place of birth
The primary place of birth, i.e. the dominant contribution to the flux of neutrals of energy E, is given by the position of the maximum emissivity (equation 4). The terms in this formula peak at different radial positions: on the source side the neutral density ( figure 9 ) and the charge exchange rate coefficient peak at the plasma edge (low particle energy), whereas the sinks, described by the plasma absorption probability (figure 10.a), increase towards the center and decrease in strength with particle energy. The competition between particle sources and sinks leads to peaked emissivity profiles, whose radial position maxima are a function of energy (shown in figure 15 for arbitrarily chosen particle energies of discharge #29769) where the vertical scale of the plots was normalized to facilitate comparison. As expected, the hotter neutrals have a deeper place of origin. Even if, locally, the ions D + have a broad energy distribution, characterized by the local temperature, the maxima of the neutral emissivities of the CNPA channel energies remain well separated in space and may be used to determine the radial origin of the detected particles. Figure 16 .a plots the spacing ∆ρ of the channels with respect to their higher energy neighbor channel. Increasing the plasma density leads to a migration of the maxima away from the plasma center. The flatter the profile, the closer the peak separation and the wider they become, as shown in figure 16 .b. The widths are largest for the intermediate channel energies (where the gradient of the ion temperature profile is smallest).
Hydrogenic ion temperature profile
Using the deduced flux energy spectrum and its probable spatial origin (chosen to be the radial positions of the maxima of the neutral emissivities shown in figure 15 ), the energy of the neutrals may be mapped into radial space, ρ = g(E), figure 17 .a.
The simulated CX spectrum of figure 14 .a is a smooth function, so the ion temperature from equation 1 may be obtained at every point on the curve. A hydrogenic ion temperature profile is obtained in the range ρ = [0.15; 1] by plotting these values against the flux surface coordinate. Figure 17 .b shows the profiles obtained for the hydrogen and deuterium isotopes, together with the CXRS measurement at t 0.95 s. The fitted CXRS profile, used as input for the codes, is also shown. Excellent agreement within the error bars of deuterium and carbon ion temperatures is found (as previously mentioned, the ions are thermalized for this scenario). Figure 17 .b is held as confirmation of the assumption that the NPA temperature inferred from the CX spectrum at a particular energy E is equal to the value of the ion temperature profile at the radial position contributing most particles to the CX flux of that energy E. 
Iterative ion temperature from a functional profile
TCV ion temperature profiles are reasonably approximated using parabolic expressions. Using functional expressions for the ion temperature in the neutral transport codes, the temperature profile may be iteratively recovered by fitting the measured CX spectrum.
For this purpose, an initial temperature profile is constructed by
where T i (1) is the value of the ion temperature at the LCFS, T i (0) is the central ion temperature and κ Ti the peaking coefficient of the profile. T i (0) is usually estimated from the measured CX spectrum. This initial profile is then input to KN1D or DOU-BLE to calculate the neutral density profile.
The modeled charge exchange spectrum is calculated using equations 2 to 5 with an unconstrained nonlinear optimization of the functional ion temperature profile (equation 8) based on the Nelder-Mead simplex method in order to reproduce the measured spectrum. The optimized temperature profile is then input to the neutralization codes again and the procedure repeated with the new neutral density profile until a convergent solution is found. The recovery of the central ion temperature is restricted to charge exchange spectra with sufficient contributions from the center of the plasma, i.e. with significant CX flux up to energies 10·T i (0). If this condition is fulfilled, the central ion temperature is generally recovered within 10% of the carbon ion temperature (for scenarios where agreement is expected).
Discussion and conclusion
The following topics were addressed in this paper:
• The ion temperature profile of an ohmically heated low density discharge was experimentally determined by displacing the plasma rather than the chord of the diagnostic (moving plasma experiment).
• The considered processes for cold neutral penetration into the plasma, ion neutralization and attenuation of the escaping hot neutrals were sufficient to successfully model the measured CX spectrum.
• The carbon impurity ion temperature profile calculated from CXRS agrees with the hydrogenic T i (ρ) in plasmas with thermalized ion populations.
• A procedure to recover the ion temperature profile without requiring plasma displacement was developed and successfully applied. The method combines NPA measurements with iterative modeling of the charge exchange spectrum by subsequent adjustment of the parameters of a functional ion temperature profile.
• Simulations of the absolute charge exchange spectrum provide estimations of the hydrogenic atomic neutral density and molecular neutral and ion density profiles, consistent with the main plasma parameters and code models. These profiles are important for transport studies, since they have a strong influence on the particle diffusion coefficients and pinch velocities [11] , which are, in turn, important in the understanding of the plasma ion confinement.
• Combined simulations of both plasma fuel species with DOUBLE-TCV give an approximation of the isotopic composition of the plasma.
The applicability of moving plasma experiment is limited to TCV, whose flexibility in plasma shaping and positioning is unique. Machines without the ability to displace the plasma position have applied similar procedures to reconstruct ion temperature profiles, either using rotatable analyzers [12] or employing multiple NPA for instantaneous profile measurements [13] .
Using the iterative ion temperature recovery method, we have reliably retrieved T i (0) for a large variety of ohmic plasmas for which a sufficient counting statistics on CNPA channels up to energies 10 · T i (0) was measured. This paper shows two examples (discharges #28690 and #29769). We observe a breakdown of the method for densities above n e (0) = 6 · 10 19 m −3 , where neutrals emitted in the center of the plasma are absorbed before reaching the NPA. Close to this density limit, averaging of the CX flux over longer time intervals may be necessary to improve the counting statistics, requiring steady state plasmas. The lower the density, the stronger the CX flux. Time resolutions of the recovered ion temperature profile as high as the CNPA sampling rate were achieved ( 2 kHz). This is more than 100 times shorter than the time resolution of CXRS, as the diagnostic beam on TCV has a repetition rate 10 Hz (provided that the carbon line light yield is good enough to permit such short DNB pulses). The CNPA may therefore be used to study ion temperature fluctuations. We presented the iterative recovery procedure using a parabolic profile to interpolate the ion temperature, which is a good choice in ohmic scenarios at high q. The ions are heated indirectly through interactions with electrons which is reflected in peaked monotonic profiles. At low safety factor, sawteeth flatten the central profile and more parameters may be required to describe the ion temperature profile. The method is flexible enough to admit a user defined functional expression for the ion temperature profile.
In general, the presence of suprathermal ion populations make the methods described within this paper impracticable. In plasmas with Electron Cyclotron Resonance Heating (ECRH) or Electron Cyclotron Current Drive (ECCD), an anomalous energy transfer from electrons to ions is observed [14] , [15] and [16] . Any direct heating of the ions is expected to be restricted to the plasma region where the RF power is deposited. The charge exchange flux of the suprathermal ion population appears as a fast ion tail in the charge exchange spectrum for the highest CNPA energies, superimposed on the flux from the neutralization of the thermalized ions. The presence of the tail does not appear to affect the underlying bulk ion temperature profile, since the flux to the low energy channels CNPA does not change strongly. However, suprathermal populations, comprising 20% of the ions, have been observed and the highest energy CNPA channel unaffected by the tail is generally well below the E = 10 · T i (0) criterion, rendering a reliable iterative retrieval of the bulk T i (0) no longer possible.
The NPA's on TCV are, however, well suited to studying the properties of suprathermal ions, not diagnosable with CXRS as their contribution to the Doppler broadening of the impurity radiation line is negligible [17] . Equation 1 may be applied to the tail of the CX spectrum to estimate an effective "tail" temperature. The present neutral codes cannot yet model suprathermal ion populations consistently, although DOUBLE-TCV is able to model plasma ions with bi-maxwellian distribution functions to some extent, permitting estimations of the ratio of suprathermal to thermal ion density. The extended energy range of the CNPA make it currently a unique diagnostic on TCV for fast ions or non-thermal ion energy distributions. An upgrade of DOUBLE-TCV is currently being prepared in order to model such scenarios.
The consistent interpretation of the measurements presented in this paper show that the basic ion physics in ohmic plasma discharges on TCV is well understood.
